The phonocardiographically recorded time interval between the first heart sound and the mid-ejection point is a rough guide to the time interval between the onset and the peak ventricular pressure in patients with the University of Cape Town aortic valve prosthesis. This time interval is insensitive to changes in stroke volume and aortic pressure produced by variations in ventricular filling and may be used to show changes in contractility in any one patient.
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SUMMARY
The phonocardiographically recorded time interval between the first heart sound and the mid-ejection point is a rough guide to the time interval between the onset and the peak ventricular pressure in patients with the University of Cape Town aortic valve prosthesis. This time interval is insensitive to changes in stroke volume and aortic pressure produced by variations in ventricular filling and may be used to show changes in contractility in any one patient.
In a group of 42 patients with 64 postoperative phonocardiograms, mid-ejection time varied between 140 and 250 msec. A strong negative correlation with heart rate, and a strong positive correlation with the width of the QRS complex were present without any significant correlation with heart size or with other estimates of left ventricular function.
It is suggested that in the abnormal myocardium, ventricular asynchrony may seriously interfere with the velocity of the ventricular contraction invalidating the assessment of contractile element velocity from the velocity components of the ventricular pressure pulse.
Additional Indexing Words:
First heart sound Ventricular pressure pulse Mid- These concepts have been applied to the isolated supported dog heart and to the intact human heart by Siegel, Sonnenblick, and associates2 3 who have shown that certain time components of the ventricular pressure pulse such as the time to the point of max dp/dt and time to peak pressure bear an inverse relation to V.max and are unaffected by the conditions of load under which the ventricle operates. They suggested that the index: dp/dt Integrated isometric tension with the dimensions t-2might be useful in demonstrating inotropic shifts and in quantitating contractility in contrast to changes in ventricular performance brought about by varying initial length or afterload. Although the theoretical dimensions of the ratio are t-2, they considered it a better measure of contractility than the time to peak dp/ dt alone, because the rate of rise of the isometric portion of the curve is nonlinear and the ratio may thus reflect changes in force as well as duration of the contractile process.
It has been recognized, however, that the form of the ventricular pressure pulse is a complex function determined by the force velocity relation of the contractile element, the compliance of the muscle, the duration of full activity of the contractile process, and the synchronicity of the activation process. While it may thus be possible to demonstrate inotropic shifts in any given heart by parameters reflecting alterations of the force velocity relation, exact quantitation may be impossible due to variations in the remaining determinants.
The postoperative phonocardiogram recorded at the mitral area in patients with prosthetic aortic valves shows three main sounds: the first sound signalling the onset of ventricular contraction, the next, the opening sound of the prosthesis at the onset of ejection, and then the closing sound of the prosthesis at the end of ejection.
It is the purpose of this paper to show that the phonocardiographically recorded time interval between the first heart sound and the mid-ejection point is equivalent to, or bears a sufficiently close relationship to, the time to peak ventricular pressure to Asynchronous activation of the hearts of these patients appears to be one complicating factor.
Methods
Sixty-four phonocardiograms were recorded on patients who had received the University of Cape Town aortic valve prosthesis.4 Forty-two were recorded 1 month after surgery, and 22 were repeated approximately 1 year after operation. The heart rate and width of the QRS complex in lead II were measured from the simultaneously recorded electrocardiogram.
Tracings were recorded on an Elema directwriting phonocardiogram at paper speeds of 100 mm/sec. In 15 patients additional tracings were recorded synchronously with the left ventricular pressure pulse at the time of the postoperative catheterization at paper speeds of 80 mm/sec on the New Electronic Products photographic recording unit. The phonocardiographic tracings recorded at the cardiac apex were selected for analysis as the first heart sound could then be easily recorded in all but two cases. The isovolumic contraction time was measured as the time interval between the first heart sound and the opening sound of the prosthesis; the ejection time as the time between the opening and closing sounds of the prosthesis, and the point halfway through ejection was taken as the mid-ejection point. The interval between the first heart sound and the mid-ejection point was called the "mid-ejection time" or MET ( fig.  1 ). All measurements were made to the nearest 5 msec from the onset of the major vibrations.
The changes in these time intervals produced by pulsus alternans were recorded in four cases and by atrial fibrillation in the presence of mitral stenosis in one case. The effects of the postextrasystolic beat, exercise, and vasoactive drugs, such as amyl nitrite, isoproterenol (isoprenaline), and phenylephrine were recorded in one case.
Circulation, Volume XXXVIIi, September 1968 The three major sounds produced are the first heart sound, the opening sound (OS) of the prosthesis, and the second heart sound produced by closure of the prosthesis. An could be analyzed in the manner suggested by Ross and associates5 and compared with the mid-ejection time and with the time to peak ventricular pressure. The dp/dt was measured as the tangent to the steepest part of the ventricular pressure pulse, the latter having been obtained on a catheter manometer system with a frequency response flat to The relation between the R-R interval and the isovolumic contraction time, mid-ejection time, and ejection time in the same patient as figure 3 over 33 heart beats with R-R intervals varying from 450 to 1,000 msec. This confirms that the longer R-R intervals (and therefore the larger end-diastolic volumes) are associated with shorter isovolumic contraction times and longer ejection times but that mid-ejection varies by no more than 5 msec.
The relationships of the heart rate, the width of the QRS complex, the heart size, and the mid-ejection time were examined statistically by determining the correlation coefficient and applying Students' t test to determine the significance.
Results

Phonocardiographic Changes Produced by Beatto-Beat Fluctuations in Ventricular Filling or Initial Fiber Length
In pulsus alternans the alternately large and small ventricular pressure and stroke volume are currently thought to be due to variation in contractile element length and not to variation in contractility. 8 The effect of pulsus alternans on the phonocardiogram of a patient with an aortic prosthesis is shown in figure 2 . There is alternate prolongation of isovolumic contraction time and shortening of ejection time while mid-ejection time is constant. This observation confirms the hypothesis that isovolumic contraction time varies inversely and ejection time directly with end-diastolic volume and with the consequent stroke volume while mid-ejection time is unaffected.
In the presence of mitral stenosis with atrial fibrillation the degree of ventricular filling varies as a function of the preceding diastolic interval. 9 The effects of such beat to beat changes in end-diastolic volume and stroke volume on the phonocardiogram of a patient with an aortic valve prosthesis are shown in figures 3 and 4. The longer R-R intervals produce the shortest isovolumic contraction times and the longest ejection times but leave the mid-ejection time largely unaffected. prosthesis who also had mitral stenosis and atrial fibrillation. From above, the figures inserted indicate the duration in milliseconds of the R-R interval, the ejection time, isovolumic contraction time, and the mid-ejection time. Note that both the isovolumic contraction and ejection times vary markedly in opposite directions as a function of the R-R interval and are thus demonstrably dependent on the degree of ventricular filling, whereas mid-ejection time remains constant at 170 msec and is thus not affected by changes in stroke volume or aortic pressure that occur from beat to beat. Simultaneously recorded electrocardiogram, aortic and left ventricular pressure pulses, and apical phonocardiogram (PCG) of a patient with an aortic prosthesis. The symmetrical peaked left ventricular pressure pulse and the pressure gradient during ejection are shown. Note the similarity of time to peak pressure with mid-ejection time. The dp/dt has been determined as the tangent to the steepest part of the rise of ventricular pressure. The tracing shows six consecutive beats.
Initially in the upper panel, the two normal beats show slight pulsus alternans with slight variation in ejection time, isovolumic contraction time, and dp/dt. Mid-ejection time is constant at 210 msec, and time to peak pressure at 260 nsec. The third beat is a ventricular premature systole which fails to open the valve.
In the lower panel the potentiated post-ectopic beat is shown and two subsequent beats showing marked alternation. In the post-ectopic beat dp/dt is increased, isovolumic contraction time is correspondingly shortened, and ejection time is prolonged. Time to peak pressure and mid-ejection time are dramatically shortened to 210 and 170 msec, respectively. In the two subsequent beats showing alternation, marked variations in isovolumic contraction time, dp/dt, and ejection time are associated with a constant midejection time and time to peak pressure close to the control level. This tracing demonstrates the shortening of mid-ejection time due to post-ectopic potentiation Mid-ejection time unlike isovolumic contraction time and ejection time is thus not dependent on the degree of ventricular filling.
Phonocardiographic Alterations Produced by Changes in Contractility
In the intact circulation, particularly if some outflow obstruction is present, the postextrasystolic beat is larger than the preceding normal beats. This results from the combined effects of augmentation due to the increased filling that occurs with the longer diastolic interval and the inotropic potentiation produced by the premature beat. The effects of such a post-extrasystolic beat with subsequent alternation on the simultaneously recorded left ventricular pressure and phonocardiogram in a patient with an aortic valve prosthesis are shown in figure 5 . Mid-ejection time and time to peak pressure are significantly shortened during the post-extrasystolic beat.
During the ensuing alternans, mid-ejection time is constant and close to the control level.
The slight shortening of mid-ejection time after inhalation of amyl nitrite, the marked shortening after isoprenaline and exercise, and the return to control levels following administration of phenylephrine are recorded in figure 6 .
These observations demonstrate that midejection time is shortened by positive inotropic effects. Simultaneously recorded left ventricular and aortic pressures, electrocardiogram, and phonocardiogram to show the effect of amyl nitrite, isoprenaline, exercise, and phenylephrine on the phonocardiographically recorded time components of left ventricular contraction. From above downward the numbers indicate the heart rate, dp/dt, and the duration in milliseconds of the ejection time, isovolumic contraction time, and mid-ejection time. Isoprenaline and exercise produce the most striking shortening of mid-ejection time whereas amyl nitrite at a similar heart rate produces much less shortening of this component. This is in keeping with the known action of this drug in causing increased contractility solely by reflex inhibition of the carotid baroreceptors. Phenylephrine which was given immediately after the exercise slows the heart rate and restores the mid-ejection time to the control level.
The relation between heart rate and midejection time is given in figure 7 . The correlation coefficient is -0.6 which is statistically significant (P = < 0.001). The relation between the QRS duration and mid-ejection time is shown in figure 8A , the correlation coefficient of 0.45 again is statistically significant (P= <0.001), and the relation between the QRS duration and the rate corrected midejection time is shown in figure 8B (r = 0.45, P =<0.001). The relationships between cardiothoracic ratio and mid-ejection time and Circulation, Volume XXXVIII, September 1968 between cardiothoracic ratio and rate corrected mid-ejection time show little correlation; the coefficients of correlation (r = 0.14 and 0.02) are not statistically significant.
The results of the hemodynamic assessment in 15 patients is given in table 2, and the comparison of mid-ejection time and time to peak pressure is shown in figure 9 . This reveals that although the two measurements are often identical they may be discrepant by as much as 40 msec. The comparison of dp/dt with isovolumic contraction time in MID EJECTION TIME sECS Figure 7 The relation between heart rate and mid-ejection time. The longer mid-ejection times are associated with the slower heart rates. The correlation coefficient of -0.06 is statistically significant (P <0.001).
figure 10 reveals that in general short isovolumic contraction times are associated with large values for dp/dt and vice versa.
Comparison of the hemodynamic response to exercise with time to peak pressure is shown in figure 11 end-diastolic pressure; ADP = aortic diastolic pressure in mm Hg; dp/dt = maximum rate of rise of the ventricular PPT rate corrected = peak pressure time divided by the square root of the R-R interval; isovolumic contraction time measured from the phonocardiogram; MET = mid-ejection time, that is the time from the onset of the first heart R-R interval; SV = stroke volume; SWI = stroke work index; EDV = end-diastolic volume; HR = heart rate in beats -ratio of stroke volume to end-diastolic volume X 100; CT ratio = cardiothoracic ratio. The relation between dp/dt and isovolumic contraction time shows that short isovolumic contraction times occur with large values for dp/dt. 220 SY 288 I Sy Figure 11 Comparison of the hemodynamic response to exercise and the rate corrected time to peak pressure. There appears to be no relation between time to peak pressure and the exercise response. In fact, the patient with greatest elevation of left ventricular enddiastolic pressure and fall in stroke volume after exercise had a short mid-ejection time and the patient with the longest time to peak pressure showed a normal exercise response. the major determinant of the isovolumic contraction time is the rate of rise of ventricular pressure ( fig. 10) .
Our results confirm the dependence of dp/ dt and its approximation, the isovolumic contraction time, and the independence of time to peak pressure and its approximation, the mid-ejection time, on initial fiber length on a beat to beat basis under these particular conditions ( figs. 2, 3, and 4) . We have also demonstrated that positive inotropic influences will shorten both the isovolumic contraction time and mid-ejection time in any particular case (figs. 5 and 6). The major problem, however, is whether or not a time-dependent measure of velocity such as integrated dp/dt integrated isometric tension (IIT) time to maximum dp/dt, or time to peak pressure and its approximation midejection time, which are independent of the load imposed can be used to quantitate the state of the contractile element of heart muscle. Siegel, Sonnenblick, and their associates2' 3 originally suggested that this index or a modification thereof might be used as a means of comparing the contractility of one ventricle with that of another.
Using a modification of the ratio dp/dt/ IIT, they reported a remarkable constancy of results in patients with atrial septal defects despite marked variations in heart rate and presumably inotropic background. Our would expect it to be either normal or increased in this condition. It would thus appear that asynchronous activation might be a major cause of decreased velocity of contraction in this group of patients.
The lack of correlation between mid-ejection time and the ventricular performance during exercise is to be expected since the relation between stroke volume or stroke work and ventricular end-diastolic pressure or volume as given by the ventricular function curve does not take into account the velocity of contraction. Furthermore, the fiber Circulation, Volumle XXXVIII, September 1968 length, work relationship is load dependent2 so that it is possible to have a normally contractile muscle so loaded that no external work is performed. Even so, if the low velocity ventricles were due to depressed contractility, one would have expected to find hemodynamic evidence of pump failure in such cases. In this regard, the patient who showed evidence of the most severe depression of ventricular function on exercise with a high end-diastolic pressure and fall in stroke volume and stroke work had a normal velocity of contraction while the patient with the lowest velocity of contraction showed a normal response to exercise. This, of course, does not deny that increased active compliance and ventricular asynchrony are hemodynamically important.
In conclusion mid-ejection time is a useful index for demonstrating changes in contractility in any one patient. This time interval is however too variable to be used as an absolute measure of contractility. Ventricular asynchrony and possibly other variations in active compliance are likely to affect any time dependent measure of contractility even the index, dp/dt/IIT, making it unsuitable for assessing the state of the contractile element. These 
